This paper reviews work at the University of Southampton and its spin-out company Perpetuum towards the use of vibration energy harvesting in real applications. Perpetuum have successfully demonstrated vibration-powered condition monitoring systems for rail and industrial applications. They have pursued applications were volume is not a particular constraint and therefore sufficient power can be harvested. Harvester reliability and longevity is a key requirement and this can be a challenging task in high shock environments. The University of Southampton has investigated the miniaturization of the technology. MEMS electromagnetic harvesters were found to be unsuitable although miniaturized devices fabricated using bulk components did perform well. Screen printed piezoelectric harvesters were also found to perform well and were ideally suited to a low profile application where device thickness was limited. Screen printing was not only used to deposit the active piezoelectric material but also an inertial mass ink based on tungsten. This enables the device to be printed entirely by screen printing providing a low-cost route to manufacture. Finally, details of a simulation tool that can take real world vibrations and estimate vibration energy harvester output was presented. This was used to simulate linear and nonlinear harvesters and in many applications with a characteristic resonant frequency the linear approach was found to be the optimum. Bistable nonlinear harvesters were found to work better with more random vibration sources.
INTRODUCTION
Vibration energy harvesting is the conversion of ambient kinetic energy, present in the form of vibrations, into electrical energy. It is an established research topic with numerous review papers on the topic as a whole 1 and on more specific subtopics such as the use of piezoelectric materials 2 and methods to increase the operational bandwidth of vibration energy harvesters 3 . Harvesting kinetic energy is just one of the sources of environmental energy that can be exploited, others including photovoltaic, thermoelectric and ambient RF 4 . Energy harvesting generally refers to the generation of electrical power in the microwatt to watt range and whilst the concept is identical to renewable power generation, the scale of the energy delivered, and some of the principles involved, is very different. Energy harvesting is typically used as a local power supply for autonomous systems such as wireless sensor nodes and therefore the harvester itself is just one part of a system that will usually include power management electronics, energy storage and the load electronics (i.e. the electronics required to perform the required function e.g. sensors, microprocessor and wireless communications) 5 . In order to optimize the system performance, the system design should be optimized as a whole and measures employed, such as duty cycling the system and careful selection of components, in order to minimize power consumption.
It is obvious the design of the load electronics is dictated by the requirements of the application, but the design of the vibration energy harvester (VEH) and its associated power conditioning electronics is also determined by the application. The characteristics of the environmental vibrations driving the VEH such as vibration amplitude, frequency spectra and any variations in environmental resonances will govern the dynamic behaviour of the harvester. Application constraints such as the space available for the harvester will influence the volume and form factor of the VEH. The required function of the load electronics will define the specification for the power output required from the VEH and the necessary capacity of the energy storage mechanism. Only by considering all these factors can the feasibility of a VEH to supply power for an autonomous system be determined. This paper considers real applications of VEH and highlights the constraints imposed by applications and the lessons have been learnt in attempting to design a VEH within these constraints. The paper is a predominantly a review of work undertaken at the University of Southampton and at Perpetuum Ltd, a spin out company from Southampton that has developed practical VEHs and deployed autonomous systems powered by vibration energy harvesting. It also considers the fundamental effects of miniaturizing the technology and also the associated fabrication processes employed. The paper covers electromagnetic and piezoelectric energy harvesters fabricated using a variety of techniques and also discusses the effect of real application vibrations on the output of linear and nonlinear VEHs.
VIBRATION ENERGY HARVESTING THEORY
VEHs comprise of a mechanical system that couples environmental vibrations to a transduction mechanism that generates electrical energy from the motion of the mechanical system. A well designed mechanical system will maximize the energy coupled to the transduction mechanism and its behaviour may be linear or nonlinear. VEHs are typically inertial systems with the mechanical component (inertial mass) attached by a spring element to an inertial frame that acts as the fixed reference. The inertial frame transmits the vibrations to the suspended inertial mass producing a relative displacement between them. The size of the inertial mass, its amplitude and frequency of displacement determine the mechanical energy captured by the harvester. The vast majority of early VEHs were linear systems characterised by a traditional second order spring mass damper system. Such a system will possess a resonant frequency that should be designed to match a characteristic frequency present in the application environment. This approach magnifies the environmental vibration amplitude of by the quality factor (Q-factor) of the resonant system and this is an important consideration since vibration levels on the majority of industrial equipment are very low (discussed in more detail later). The theory of inertial based VEH is well documented 6 and only the basic equations characterizing the mechanical energy captured by the harvester (P av , equation 1) and the power in the electrical domain (P e , equation 2) are given below. In equation 1, the driving vibrations will determine the resonant frequency, ω res , of the VEH and the external vibration amplitude Y. The design of the VEH will determine the inertial mass, m, and the maximum inertial mass displacement, z max . Equation 1 also highlights the challenges associated with miniaturizing a VEH. The inertial mass scales with linear dimension l 3 and z max scales with l so P av scales with l 4 and scaling devices down in size will fundamentally reduce the energy captured by the harvester. Miniaturization also tends to increase the resonant frequency and move ω res away from the characteristic frequencies present in many potential applications.
=
Whilst equation 1 is informative, it is the power in the electrical domain which is of real interest and this is determined by the electrical and mechanical damping present. Electrical damping is provided by the transduction mechanism whilst mechanical damping refers to other losses such the effects of the surrounding air molecules and clamping losses. Maximum power occurs when these damping effects are equal and equation 2 can then be used to predict the power in the electrical domain where is a the external acceleration and Q OC the open circuit quality factor of the VEH.
Equation 2 is a very useful equation since the variables can all be measured experimentally.
PRACTICAL APPLICATIONS OF VIBRATION ENERGY HAREVSTING
The first practical examples considered here come from Perpetuum's experience of applying the technology in industrial and rail applications 7 . In both cases the application is condition monitoring i.e. wirelessly monitoring the health of equipment and components. In both cases the VEH must supply sufficient power to sense, process and transmit vibration data that provides information regarding the health of, for example, a bearing. This is an elegant solution since the vibrations it is monitoring power the system. These scenarios provide a valuable insight into the technical challenges of the applications and the type of application scenario that makes a successful business case for vibration energy harvesting. 
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• Reliable VEH and system components.
• Development and implementation costs justified by user savings or other criteria (e.g. safety).
Commercializing the technology adds cost constraints that can radically affect harvester design. Design tools that incorporate real world vibrations are available that will assist in in assessing the viability of a particular application. Whilst there are not yet many large scale practical applications of the technology, the experiences of Perpetuum indicate they do exist and with the growing interest in topics such as the Internet of Things further opportunities will arise.
